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I , .  J3STORY OF THE PROGRAM 

In September,  1963, the mm-wave instrumentation program was 

initiated as a joint effort between the Jet Propulsion Laboratory and the 

Electr ical  Engineering Department of the University of Southern California. 

The JPL participation was conducted through the New Circuit  Elements 

Group of the Communications Elements Research Section, which provided 

equipment and personnel involved primarily with the electronic instrumen- 

tation. 

The Electr ical  Engineering Department contributed the antenna, a 

converted 60-inch searchlight. 

tenna and feed sys tem,  the associated drive system, etc, USC personnel 

also directed the astronomical aspects of observation of the lunar eclipse 

of 30 December 1963. During this period, f rom September,  1963 t o  July,  

1964 USC participation was sponsored by a grant from. the Research Cor- 

poration, Contract AJ4-205 638 fromJPL,  and financial support for  sal-  

a r i e s  and equipment f r o m  the Electr ical  Engineering Department Joint 

Services Grant,  AF-AFOSR-496- 64. 

Personnel were provided to design the an- 

In August, 1964 a JPL study contract was issued to  the USC Elec- 

t r ica l  Engineering Department (JPL Contract No. 95 1 004). This contract  

continued the previous work a s  a joint JFL-USC program. Under this con- 

t r ac t  observations were  made of a lunar eclipse on 19 December 1964, a 

lunation study of the moon was made,  instrumentation was developed, and 

various atmospheric effects were  studied. A second JPL study contract 

(JPL Contract No. 951 424) w a s  issued in October, 1965. Under this con- 

tract a second lunation experiment was carried out, the sun was observed, 

atmospheric effects continued to be studied, and-various i tems of instru- 
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mentation were de signed and studied. 

A thi rd JPL study contract  (JPL Contract No. 951 756) was issued 

in November, 1965 for  a period of one year, terminating in November, 

1966. During the period of this contract Mr. Stephen Slobin, a graduate 

student at USC who has been associated with the joint JPL-USC hfillimeter- 

. wave program since its inception, carried out the analysis and development 

of a nodding subdish system (NSS) . During this period Professor  W. V. T. 

Rusch, principal investigator, .was at the Bell Telephone Laboratories in  

New Je r sey  on leave of absence from the University. 

t r ac t  was l a t e r  extended an.'additional two months until 3 1 December,  1967 

for the purposes of investigating theoretical and experimental radiometric 

techniques to  measure  atmospheric weather dependent parameters ,  and to  

study the effect of variable atmospheric conditions on lunation and eclipse 

sun and moon observations. 

This third study con- 

A fourth JPL study contract  (JPL Contract No. 9 5 2  210) was issued 

in March 1968 fo r  a period of one year ,  terminating i n  March, 1969. Be- 

cause of unseasonal ra ins  causing a delay ill the observational program, this  

contract was extended at  no cost  until the end of April 1969. The activities 

under this contract ,  which a r e  the subject of this report ,  were pr imari ly  (1) 

the development of an automatic sun-tracking system, (2) the application of 

this system to solar  observations for the purpose of obtaining atmospheric 

attenuation da ta ,  ( 3 )  continuing improvements in the nodding subdish mech- 

anism. 
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U. INSTRUMENTATION , 

. ,  During the period of time covered by the various study contracts de- 
- 

scribed in the previous section a 90-GHz (3.33 mm) radio telescope has 

been -developed using a converted 60-inch searchlight a s  an antenna. Pre- 

vious electronic systems used in the radio telescope were  standard Dicke- 

type 'synchronous detection radiometers 1'2. This radiometer scheme was 

used for measurements  of lunar eclipses in 1963 and 1964, lunations in 

1965 and 1966, and solar thermal emission studies. 
. .  

The radiometer configuration used in the above studies required the 

use of a fe r r i te  switching circulator or equivalent fe r r i te  switching device 

in the R F  path between the antenna feedhorn and the mixer.  This device 

introduced considerable insertion loss (as high as 1 dB) in the main R F  

path, thereby degrading the sensitivity of the radiometer proportionately. 

Furthermore,  it was anticipated that the operational frequency of the radio- 

meter  would be significantly increased at a la ter  date, arid the insertion loss  

of fe r r i te  switching elements becomes prohibitive at  shorter  wavelengths. 

Consequently a nodding subdish system (NSS) was developed which 

eliminated the fe r r i te  device in the R F  path and achieved the required 

switching by causing the antenna beam to alternate between the source 

being observed and a nearby position in the sky . 3 The beam-switching was 

accomplished by mechanically nutating the hyperboloidal subreflector in the 

Rusch, W . V . T . ,  S .  Slobin and C.  T.  Stelzried, "Millimeter-JV2ve Radio- 
1 

metry for  Radio Astronomy, '' Final Report, USCEE Rept. 161 ,  University 
of Southern California, Los Angeles, California, February 1966. 

2 

metry fo r  Radio Astronomy," Final Report, USCEE Rept. 183, University 
of Southern California, Los Angeles, California, December 1966. 

Rusch, W .  V .  T . ,  S. Slobin, and C.  T.  Stelzried, "Millimeter-Wave Radio- 
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Cassegrainian feed system between two symmetric but off-axis positions. 

A second advantage of this beam-switching configuration is the cancella- 

tion of long- t e r m  (relative to the switching ratef atmospheric noise scinti l la-  

tions when the scilitillating a r e a  is included in both positions of the antenna 

beam. Complete descriptions of the NSS are given in references 3 and 4. 

A. IF Amplifier Development. As par t  of a program to i nc rease  

the overall  sensitivity of the radiometer,  Mr. Charles Abronson designed 

and built a Mixer-IF Amplifier-Detector combination. The mixer was a 

single-ended mixer on loan f r o m  the Aerospace Corporation. A diagram 

of this instrument package i& shown in Figure II- 1 and a photograph of the 

unit is shown in F igure  11-2. The performance specifications were: 

3dB Bandwidth: 100 MHz t o  450 MHz 

IF Gain: Approximately 36  dB 

IF Noise Figure:  

Video Gain: 50 dl3 

Video Bandwidth: 

Video Amplifier 
Noise Figure:  

Less than 2.5 dB (average 

D C  to greater  than 20 KHz 

Approximately 3 - 4  dB, 100 Hz to 5 KHz 

Detector: Backward Diode 

It was planned to replace the Raytheon balanced mixer  in the  radio- 

Slobin, s, D .  , "A Study of an Asymmetric Cassegrainian-Antenna Feed 
3 

System and Its Applications to Millimeter- Wave Radio-Astronomical Ob- 
servations", USCEE Rept. 32 1,  University of Southern California, Los 
Angeles, California, December 1968. 

Rusch, W. V, T., S .  Slobin, and C. T. Stelzried, "Millimeter-Wave Radio- 
4 

metry for Radio Astronomy,' '  Final Report, USCEE Rept. 263, University of 
Southern California,  Los Angeles, California, March 1968. 
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meter with this unit for field testing with Schottky-Barrier diodes fabricated 

in the USC Microwave-D evice Laboratory. 

&e operational program by JPL on 30 March, 1969 prevented these tes ts .  

However, abrupt termination of 

B. Improvement of the Nodding Subdish System. Following the 

eclipse measurements  of 1967 and other field tes ts ,  it was recognized that 

certain mechanical improvements could be made in the nodding subdish. An 

appropriate redesign was carr ied out to provide the following improvements': 

(1) Increase the operating speed from 2.7 to 5 cps 

(2) Provide weather protection for the cam, c a m  followers, and 

precision bearings. 

(3) Provide virtually silent operation 

(4) Provide permanent camway lubrication 

(5) Reduce wear  

The increase in operating speed from 2.7 to 5 cps with the redesigned cam 

followers provided increased radiometer sensitivity as demonstrated in 

previous reports  made under this program 3 ? 4  . 
The redesign replaces the original stationary s teel  cam followers 

with rol ler  followers made of "Teflon TFE". The rol ler  is supported on a 

.062 spindle provided by the redesign of the original followers, 1273 18-2 

and 127343, 

also be reduced by this change. 

quirement for  the regular application of lubricant to the camways during 

operation. 

Wear and noise inherent ir, the first experimental  model will 

Use of Teflon TFE will eliminate the, re-  

Plast ic  deformation and the new cylindrical shape provide adequate 

cam follower surface a rea  to  maintain the Teflon TFE follower ro l le rs  well 

below the maximum design compression loading of 3700 psi .  Undesirable 
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cold flow character is t ics  associated with the material are avoided by de- 

. signing for  dynamic loading only without a static preioad. - 

A weather cover ,  518 and 519, was provided because of desireabili ty 

of protection f r o m  exposure to foreign material .  This cover was made pos- 

sible by the elimination of regular lubrication requirements on the camways. 

The incorporation of 5 18 and 5 19 allowed access to the camways and the re- 

flector and counterweight support bearings and will not interfere  with any 

previously established function- of the Hyperboloid Reflector Mount Assembly. 

Figure 11-3 shows the original subreflector configuration with the ex- 

posed camways and counterweight. Figures 11-4, LI- 5 , and 11- 6 show the modi- 

fied configuration with the weather cover mounted Ln place. The teflon cam 

followers , which may not be seen in the figures,  were tested by operating 

the mechanism at speeds up to  7 cps.  The reduction in  noise and vibration 

was  significant, and, although no additional field tes t s  were  conducted, it 

was concluded that the teflon followers would allow the sys tem to  operate 

at frequencies considerably higher than 2 . 7  cps . 
Ln the process  of installing the teflon cam followers, the original 

hardened s tee l  followers were removed and examined. Magnified views of 

the reflector and counterwkight followers a r e  shown in  Figures  11-7 and 

II-8, respectively. The diameter of the cylindrical followers was 0.125 inch. 

There is no discernible wear on the reflector follower and only a slight 

ammunt on the counter weight follower, in spite of the fact that they had been 

in operation more  than 10 6 cycles. 
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m. DETERMINATION OF THE PHASE CENTER O F  THE SCATTERED 
FIELD FOR AN ASYMMETRIC CASSEGRAINSAN FEED SYSTEM 

'_ As an extension of work done on the last contract  (JPL 951'756) 
'v 

and reported in an interim publication (USCEE 32 1) , computations of 

phase center position for the tilted hyperboloid geometry were made. 

Originally, phase center determinations were made for hyperboloid D/  X 

values of 59.54 24, and 10; the  additional determinations were made 

for D/X ra t ios  of 7, 4, and 2 .  The complete set of resul ts  are shown in 

Table III- 1, where a and JI specify coordinates in  the coordinate sys tem 

symmetric with respect  t o  the paraboloid. The phfsical- optics approxi- 

mations for  the cur ren t  distribution are not expected t o  be valid for  di- 

arneter/wavelength ratios that a r e  not large compared to  unity. Never- 

theless, it has  been experimentally verified under many different condi- 

tions that the calculated fa r -  zone field based on the physical-optics cur ren ts  

is quite accurate  for  D/X as sma l l  as four or five, 5 J  

experimental justification sma l l  diameters have a l so  been included in  the 

On the basis  of this 

analysis, although the two-wavelength result  may indeed be questioned. 

A determination of RMS phase deviation a r o m d  the best-fi t  phase 

centers was determined for  the D/X ratios ranging from 59.54 down to  2, 

The resul ts  a r e  shown in Table III-2. It i s  seen f rom this table that  the 

RMS phase deviation around the best-fit center is l e s s  in  each case  than 

around the origirl of the symmetr ic  coordinate system (phase center for the 

non- tilted geometry. 

5,' Rusch, W ,  V.  T . ,  "Scattering of a Spherical Wave by an Arbi t ra ry  Tiuncated 
Surface of Revolution", TR 32-434, Je t  Propulsion Laboratory 
California, May 27,  1963. 

Brunstein, S .  A . ,  Private  Communication. 

Pasadena, 

6. 
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-.--cL--- 

D/X 

28. 30mm 

4 9 . 5 3 m  

59.54 

0.204 h 

0.117 h 

24 

99.06 mm 

10 

0.062 

4 

2 

3 . 3 3 m m  1.707 h 

8.26mm 0.689 x 
I 

0.2891 I 19.83 mm 

I 

5.684mnz 

5.691 mm 

5.731.mm 

5.766 mm 

5.818 mm 

6.147m.m 

88.11 deg 

89.37 deg 

94.04 deg 

95. 17 deg 

88. 58 deg 

111.15 deg 

TABLE 111-1 

Phase center coordinates for various hyperboloid D/;i ratios. 
The diameter is held constant. 

16 



M 
a a 
r- m 
D 
M 

x x  
P O  
a 3 0  
9 0  

0 0  
. .  

M 
a a 

Tf( 
0 

-& 
D 

A X  
0.0 
c o o  
N O  

0 0  
. .  

E E  E E  
d o  
m o  
P O  

m o  
* .  

E 
E 

m 
43 

0. 
4 

0 I I  
.-( I C  

-+o 
0 0  
N O  

0 0  
. .  

E E  
€9 
a 0  
\DO 
P O  

m o  
. .  

0 
m 
a, 
r\l 

II 
c 'x  

M 
Q) a 
43 
m 
00 
00 

E E  
E E  

c o o  
4 0  
c o o  

. m o  
. .  

M 
a 

W 
ul 
d 

4 
4 
4 

xrc 
N O  
a 0  
0 0  

0 0  
. .  

P O  e o  
A 0  

90 
. .  

17 



aa automatic sun t r acke r  to obtain atmospheric data at frequencies of i 6  and 

30 GHz (Figure IV- 1). 

tablish a s imi la r  s u n  tracking system with the existing 9O-GHz radio tele- 

scope and nodding- subdish system. 

7 A pr imary  task of this contract period was to es- 

A.  Microwave Sun Tracker .  A block diagram for a microwave sun 

tracker  was analyzed by Mr. Charles Abronson, who was working on his  

Master's thesis  during the period of this contract. Prel iminary calcula- 

tions indicated that an L-band or S-band system with adequate temperature  

and angular resolution to provide a sufficiently large control signal to main- 

tain the 90- GHz beam on the sun would require prohibitively large antennas. 

Consequently, further analyses were carried out only for an X-band (10-12 

GHz) system. 

a t  these higher frequencies, a document received from C, T. Stelzried in- 

Although atmospheric attenuation begins to become a problem 

Bell Telephone Labora 
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tracking e r r o r  of one min  

.. . 
beam) w ould caus 

0.1 degree Kelvin. 

of the radiometer with some r e a  

to abandon plans for  a microwave sun tracker and to fabricate an optical 

tracker instead. 

nce this value wa 

B. Optical Sun Tracker;  The optical sun tracker was designed to 

keep the antenna pointed a t  the sun with a mixigum pointing e r r o r  of one 

minute of arc in any direction. The e r ro r  sensing device consisted of an 

optical telescope and four photoconductive cells to provide e r r o r  signals 

for the feedback loop. The electronic circuitry consisted of two identical 

channels (Figure IV-2): one for the right-ascension axis and one for the 

declination axis. Each channel consisted of a detector, a logic c i rcui t ,  

and a power circuit. 

which drove the antenna. 

of voltages to be supplied to the stepping motors, and the detector c i rcui ts  

The power circui ts  controlled the stepping motors  

The logic circuits determined the cor rec t  sequence 

converted the analog signals f rom the photoconductive cells into appropriate 

inputs to the logic circuits. 

1. Guide Telescope. The guide telescope (Figure IV-3) was manu- 

ured by Optech Instruments i n  Monterey Park. I t  consisted of a 30-inch 

steel tube, a two-inch diameter achromatic objective lens,  and an achromatic 

Barlow lens suitable to provide an effective foc ngth of 120 inches. An 

lens. The Barlow lens 

20 
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for the four photocells. 

light f rom each pinhole on one of the four photocells. 

Four concave lenses were then used to focus the 

A photograph of the 

guide telescope is seen i n  Figure IV-4, a closeup of the photocell housing 

in Figure IV-5, and an overall view of the entire telescope system in Figure 

rv-6. 

2. Detector Circuits. The detector circuit received analog signals 

These signals, consisting of voltages between -10 and from the photocells, 

t10 volts, were  then converted into four binary output signals xl, x2, xI1, and 

xi, to drive the logic circuits. A photograph of the detector circuit board 

is seen in Figure IV-7. 
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llows: e i t h e r a  t10 vdc 

4, Power  Circuits. The power circuits received inputs w y  and w2 

f rom the logic circuits. These signals were used to determine the position 

of a re lay  (see schematic diagram i n  Figure IV-9) which selected the polarity 

of the voltage supplied to the motor  windings f rpm the high-power supply. 

The diodes a c r o s s  the relay prevented contact arcing. A photograph of the 

power circuit  board is seen in F igure  IV-10. 

5. Performance of the System. - The optical sun t racker  was found 

to perform within the design requirements of one-arcminute tracking e r r o r ;  

. and 15 days of tracking data were  obtained in accordance with the contract  

task statement. I t  w a s  found that the system worked with a c lear  sky o r  

with a light haze, but that patches of clouds would cause the system to lose 

i t s  lock on the sun whenever any portion of the sun's l imb was obscured. 

Under such circumstances a semi-automatic tracking mode was implemented, 

'during which manual corrections were  applied to the s idereal  tracking rate,  

28 





To 
Motor 

I O p f ,  25vdc 

Figure IV-9. Power Circuit Schematic. 
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December, 1967. However, the system w a s  not res tored to i t s  operating 

condition until ear ly  in April, 1968. The moon was observed by S. Slobin 

and D, Oltmans on several  nights pr ior  to the eclipse, and the system sensi-  

tivity was found to have returned to the excellent level i t  had attained the 

previous October. Unfortunately, on April 12, the skies  were  extremenly 

overcast  in  the Los Angeles a rea ,  making visible tracking impossible. 

Consequently, the observations could not be carr ied out. 

€3. Solar Observations - January to April, 1969. In accordance with 

the  requirements of the contract, the optical sun tracker w a s  used to obtain 

atmospheric absorption data during fifteen days in  the f i r s t  three months 

of 1969. Because of unseasonably heavy rains, this program was consider- 

ably delayed from i t s  original schedule. As reported in  the previous sections, 

the sun tracker operated well within the design requirements. The data f rom 

these observations a r e  reduced and correlated with atmospheric parameters  

i n  the following section. 
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VI. DATA REDUCTION 

measuring i t  with a transit .  However, since the zenith angle is a function of 

celestial  coordinates, time, and local latitude and longitude of the radio tele- 

scope, and since there was a shortage of manpower for the observations, a . 

computer program was writ ten to compute the zenith angle of the sun f rom 

the t ime of the observation and the solar coordinates as obtained f rom the 

Nautical Almanac. This  program is reproduced in the Appendix. 

B. Reduction of Solar Data. The solar data f rom fifteen days of 

8 observations w a s  reduced using a technique deveIoped by Stelzried and Rusch . 
The resulting atmospheric loss for  each day is tabulated in  Table VI-1,  to -  

gether with the ground-level temperature and reIative humidity a t  the time of 

the measurement.  

9 C. Atmospheric Loss Study. Stelzried has developed a theory which 

may be used to re la te  the 90-Chz zenith loss with  ground-level temperature 

and humidity. It may be assumed that the zenith atmospheric loss  A in dB is 

separable into A,, due to the total integrated oxygen content, and A , due to 
W 

ed waYer-vapor content. 

Stelzried,  C. T. and Vi. V. T. Rusch, "Improved Determination of Atmos- 
pheric Opacity f rom Rad io  Astronomy Measurements", Journal of Geophysical 

y 1, 1967, pp. 2445-2447. 

munication 
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TABLE VI-1 

Atmospheric Data from 90-GHz Solar Observations. 

3 4  



Thus: 
. I  

.A = A. t A 
. w  

(VI- 1) 

The oxygen loss  has  been determined to be about 0.28 dB". It m a y  then be 

assumed that the water-vapor loss is related to the density of water  vapor a t  

ground level by the relation 

(VI- 2) 

where i s  the water-vapor loss of a reference atmosphere of Awr 

temperature  T, and humidity H,. 

p is the actual ground-level density of water  vapor, g/m3 

pr is the ground-level density of water vapor of the reference 

atmosphere.  

a is a parameter  relating the loss to the water-vapor content 

i n  accordance with the above equation. 

Stelzried has  empirically determined that in the range from 32 to 100°F 

the water density i n  saturated air is related to the temperature  by 

- 3  2 
os = 1.8722 t 7.4970 x l o - %  t 2.7799 x 10 'I - 1.2069 

(VI- 3 )  
x 10-5113 -+ 2.7390 x i o -  7 4  T 

where the temperature  is given i n  degrees Fahrenheit. The water-vapor content 

oand pr a r e  related to the content in saturated air  by the relation 

H 
100 Ps p =  - (VI - 4) 

"Shimabukuro, F. I . ,  "Propagation Through the Atmosphere a t  a Wavelength 
of 3.  3 Mm", IEEE Transactions on Antennas and Propagation, Vol. AP-14, 
No. 2, March 1966, p. 228. 
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where H is the humidity 

to. determine p(T, H) and &(Tr, Hr) for  

The remaining parameters  i n  e 

determined by minimizing the variance bet 

values. 

with the resu l t  that 

This  has been done for  the 15-days of solar  data tabulated in  Table VI-1 

A = 0.28 4- 0. 2 4 - f ~ ,  I) \0.4 dB (VI- 5) 

where the temperature  of the reference atmosphere has  been chosen to be 

60°F and the humidity to be 40 percent. The variance obtained i n  the statist ical  

determination of the above equation w a s  0 .05  dB. 

The advantage of the above resul t  is that i t  does not require information 

concerning the water-vapor content (or  temperature and humidity) above ground 

level. The ground-level values a r e  easily determined with conventional ins  t ru-  

ments. It should be emphasized that equation (V1-5), o r  an equivalent equation 

based upon considerably more  data, is only valid for one particular season 

and geographical location and should not be expected to provide accurate  infor- 

mation at other  seasons and/or  si tes.  However, once such an equation has 

been accurately determined for a particular si te,  considerable advantage can 

be derived from i t s  use rather  than the conventional extinction- curve technique. 
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APPENDIX 

FORTRAN IV COMPUTER PROGRAM 

TO COMPUTE ZENITH ANGLE 
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